ABSTRACT: We investigate interlayer tunneling in heterostructures consisting of two tungsten diselenide (WSe2) monolayers with controlled rotational alignment, and separated by hexagonal boron nitride. In samples where the two WSe2 monolayers are rotationally aligned we observe resonant tunneling, manifested by a large conductance and negative differential resistance in the vicinity of zero interlayer bias, which stem from energy-and momentum-conserving tunneling.
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An attribute essential to semiconductor heterostructures' device functionality, but which remains largely unexplored for most vdW heterostructures, is the coupling and transport along the vertical axis. Interlayer momentum-conserving (resonant) tunneling in rotationally aligned vdW heterostructures may enable novel device functionality for beyond CMOS low-power, high-speed logic [10] [11] [12] [13] , and resonant tunneling in double layers separated by a tunnel barrier provides a direct measurement of interlayer coupling and the quantum state lifetime 14 . Recent progress in realization of twist-controlled vdW heterostructures [2] [3] [4] 6, 7, 15 with precise rotational alignment between 2D layers opens interesting avenues to probe new physics and device functionalities.
Negative differential resistance (NDR) characteristics associated with momentum-conserving tunneling have been reported in graphene-based double layers, such as rotationally aligned double monolayer 16, 17 , and double bilayer graphene 18, 19 separated by hBN, or double bilayer graphene separated by a tungsten diselenide (WSe2) tunnel barrier 20 . Theoretical considerations dictate that transition metal dichalcogenide (TMD) double layers can exhibit gate-tunable NDR with very narrow resonances thanks to the increased density of states, and consequently the quantum capacitance 21 .
Tungsten diselenide is a prototypical TMD with a honeycomb lattice, which can be isolated down to a monolayer using micromechanical exfoliation, and has high intrinsic mobility at low temperatures 22 . In the monolayer limit, the band extrema are located at the corners (K point) of the hexagonal Brillouin zone with a band-gap of approximately 2.0 eV 23, 24 . The strong spin−orbit coupling leads to a large valence band splitting of approximately 0.5 eV, with each of the valence bands at a Brillouin zone corner possessing opposite spin 25, 26 . In this study, we demonstrate resonant tunneling in dual-gated, rotationally aligned double monolayer WSe2 heterostructures separated by an interlayer hBN dielectric, which reveal narrow tunneling resonances with intrinsic broadening of 1−3 meV at low temperatures. Remarkably, the resonant tunneling is present (absent) in samples where the relative twist between the two WSe2 monolayers is an even (odd) multiple of 60, a finding which can only be explained by the conservation of the spin-valley degree of freedom in tunneling.
Because monolayer WSe2 band extrema are located at the K point, momentum-conserving tunneling occurs if the relative twist between the two WSe2 monolayers is a multiple of 60. If the relative twist is an even multiple of 60 (e.g., 0), the K point and its time-reversed partner (K') of the two monolayers are aligned in momentum space. Conversely, if the relative twist is an odd multiple of 60 (e.g., 180), the K (K') point of one layer is aligned with the time reversed partner K' (K) of the opposite layer. We employ temperature dependent, four-point current−voltage measurements to probe the intrinsic tunneling characteristics at zero and high magnetic fields, and investigate the impact of energy, momentum, and spin conservation. This difference is due to the contact resistances, which drop a substantial portion of the applied VIL, resulting in a reduced ΔVIL. Figure 1 (f) shows a similar set of data for Device #2 with a fourmonolayer thick IL-hBN, which also shows NDR around VIL = 0 V, albeit with a reduced IIL as expected for a thicker IL-hBN. The difference between the two-point and the four-point data is smaller in Figure 1 (e), owing to a larger interlayer tunneling resistance compared to the contact resistance. The data of both Figures 1(e) and 1(f) also show an inflexion in IIL at ΔVIL  ±0.5 V.
We tentatively attribute this feature to the tunneling contributions from the second valence band of WSe2. In the subsequent discussion, we focus only on four-point tunneling data. in the plot near ΔVIL = 0 V is common for NDR devices, and is explained by a larger external, contact and nonoverlapped WSe2 layer resistance in series with a lower negative differential tunneling resistance, which prevents a measurement of IIL in this regime 19, 20 . Furthermore, all three traces also show an IIL inflexion at ΔVIL  ±0.5 V, albeit of varying intensity, which appears as a corresponding differential conductance peak. In the following, we refer to the differential conductance peak at ΔVIL = 0 V as the primary resonance, and at ΔVIL  ±0.5 V as the secondary resonances.
To investigate the origin of the tunneling resonances, we perform temperature-dependent measurements. Figure 2 (f) and 2(g) show IIL vs ΔVIL and the corresponding dIIL/dVIL vs VIL data as a function of varying temperature for Device #2 at p = 5.6×10 12 cm -2 . Two noteworthy observations can be made based on these data. First, the NDR associated with the primary resonance becomes more prominent with decreasing temperature. Equivalently, the primary resonance peak becomes sharper and increases in conductance, along with the neighboring dips which become deeper. Second, the inflexion associated with the secondary resonance, and correspondingly its amplitude, decreases with decreasing temperature. The opposite temperature dependences of the primary resonance and secondary resonance suggest a difference in their mechanism of origin.
To gain insight into the tunneling mechanisms at play in our devices, we start by modeling the interlayer current of the WSe2-hBN-WSe2 system using a perturbative Hamiltonian The electrostatic potential and band alignment of each WSe2 layer is self-consistently computed using the following set of charge-balance equations,
where CIL is the interlayer capacitance per unit area, CT (CB) is the top-gate (bottom-gate)
capacitance per unit area, μT (μB) is the chemical potential, T ( B ) is the electrostatic potential,
QT (QB) is the excess charge density of the top (bottom) WSe2 layer, and e is the electron charge.
At zero gate biases and zero interlayer voltage, the chemical potentials of both the top-and bottomlayers are assumed to align with the WSe2 monolayer midgap. The excess charge densities QT and QB are given by
where ( ) is the Fermi distribution function.
The single particle tunneling current ( ) between the two WSe2 layers is modeled as
The vertical transmission rate, ( ), of an electron at energy E is given by,
where l labels different contributing processes, and TL ( BL ) is the spectral density function of the energy states of the top (bottom) WSe2 layer, and ℏ is the reduced Planck constant. The spectral densities are taken to be Lorentzian in form,
where the parameter Γ represents the energy broadening of the quasiparticle states. A coherent momentum-and spin-conserving contribution to the interlayer current is modeled as T B T ∝ T B T B
. A momentum-conserving, but spin-randomizing tunneling contribution is modeled simply as T B T B ∝ T B . The summation is performed over all momentum states in the Brillouin zone, and over the first two valence bands with opposite spins. For a momentumrandomizing tunneling process, Equations (3)- (5) reduce to
where T ( ) ( B ( )) is the spectrally broadened density of states of the top (bottom) layer at energy . The phenomenological dependence in Equation (6) captures both spin-conserving and spin-flipping tunneling, and does not distinguish between the two cases. The strengths of these processes (l) are free parameters, along with the energy broadening parameter (Γ). the total experimentally measured IIL, the current is calculated by first assuming energy (E), momentum (k), and spin (σ) conservation (labeled E,k,σ), then by relaxing the constraints on spin conservation (labeled E,k,σ), and finally by relaxing momentum conservation (labeled E,k). First, we consider the scenario when tunneling is assumed to occur only when momentum and spin conservation are satisfied (E,k,σ). The calculated IIL vs ΔVIL under these conditions are able to reproduce the experimental primary resonance NDR accurately. However, away from ΔVIL = 0 V, the experimental data diverge from calculations, which predict no tunneling current away from the primary resonance, suggesting there must be another mechanism contributing to the tunneling current.
Given the presence of prominent secondary resonance-like features in our experimental data, it is instructive to relax the spin conservation constraint in our calculations, to consider both spin-conserving and spin-flipping tunneling with equal weight (E,k,σ). In this case, the calculated tunneling current reproduces the NDR at ΔVIL = 0 V just as the spin-conserving model, and additionally shows weaker NDR features at ΔVIL  ±0.5 V due to secondary resonances. This simulated behavior is similar to observations in double bilayer graphene separated by hBN 15, 19 ,
where the secondary resonances appear due to tunneling between the lower and higher spindegenerate sub-bands of bilayer graphene. We note that the calculated IIL decrease with respect to ΔVIL beyond the secondary resonances is weaker compared to the primary resonance. Around the secondary resonance, the applied ΔVIL depletes one of the WSe2 layers, leading to a near zero quantum capacitance in that layer. When one of the layers is depleted, the relative alignment of the two WSe2 layers' bands remains almost constant as the applied bias is increased. This leads to a weak dependence of IIL on ΔVIL, and consequently an apparent stretch-out of the secondary resonance. Because the experimental data in Figures 2 and 3 does not show NDR around ΔVIL  ±0.5 V, and the IIL value greatly exceeds the calculated current at the secondary resonance, we conclude that spin-relaxing, momentum-conserving tunneling is not a dominant tunneling mechanism causing the apparent secondary resonance peaks.
Next, we consider the case when momentum conservation requirement is relaxed, and the tunneling current is proportional to the product of density of states in both the WSe2 layers (labeled E,k). This model captures the case when the spin is either conserved, or randomized in tunneling.
In this scenario, the calculated current does not show the primary resonance, but does reproduce the experimental data at high |VIL| reasonably well. Therefore, the interlayer current at high |VIL| can be attributed predominantly to the momentum-relaxing tunneling mechanisms. Furthermore, the current saturates with a weak increase after a particular VIL, when one of the WSe2 layers is depleted.
Finally, we consider a scenario where both momentum-and spin-conserving, as well as momentum-randomizing tunneling processes are present (labeled E,k,σ + E,k). The calculated tunneling current in this case reproduces both the primary resonance and the secondary resonance features of our experimental data, suggesting that both of these mechanisms are simultaneously present in our samples.
We now discuss the temperature dependence of individual layer quasiparticle state broadening determined from the tunneling characteristics. This difference is expected because of processes such as electron−electron scattering or smallangle electron−phonon scattering, which do not affect the mobility and transport time as the total momentum is conserved or largely unchanged, but can reduce considerably the quasiparticle lifetime leading to an increase in the Γ value 14, 33 . At the lowest temperatures, however, disorder is the limiting factor which determines the broadening.
To probe the hypothesis that the primary resonance at VIL = 0 V is indeed due to momentum conserving tunneling, we perform measurements in the presence of an in-plane magnetic field (B||), which is, thus, perpendicular to the direction of tunneling. Figure 4 (a) shows dIIL/dVIL vs VIL near the primary resonance for Device #2 at various magnetic field values, which shows the resonance peak conductance decreasing and the peak width increasing with increasing magnetic field. The effect of B|| is to produce a momentum shift of the tunneling carriers due to the Lorentz force, which thereby causes a momentum mismatch of ( || )/ℏ , and consequently a suppression of the resonance peak; d is the separation between the two WSe2 monolayers. Figure 4 (b) shows dIIL/dVIL vs B|| for both Devices #1 and #2, where dIIL/dVIL decreases with B||. This observation confirms that momentum-conserving tunneling is responsible for the primary resonance at VIL = 0 V.
To further test the role of spin conservation in tunneling, we now turn our focus to interlayer tunneling in the case of a 180º twist between the two WSe2 layers. enforced (E,k,σ), the calculated current shows a primary resonance at ΔVIL = 0 V, at variance with experimental data, strongly suggesting that momentum-conserving tunneling is also spinconserving. The calculated NDR features at ΔVIL  ±0.5 V are much more prominent than in the experimental data, which is only observed at ΔVIL  -0.5 V. Finally, in the case when momentumrandomizing tunneling is considered (E,k), the calculation is able to reproduce the experimental features at high ΔVIL. Comparing the calculations with experimental data, the absence of a primary resonance implies both spin and momentum are conserved near ΔVIL = 0 V, while at high interlayer bias, momentum-randomizing tunneling starts to contribute to tunneling, likely associated with a phonon-mediated process.
In conclusion, we demonstrate rotationally controlled WSe2-based heterostructures. We probe experimentally, and explain theoretically, the role of spin-valley conservation in addition to energy and momentum conservation in interlayer tunneling using twist-controlled WSe2-hBN- ) show IIL normalized to the TL and BL WSe2 overlap area. Top left insets of panels (e) and (f): optical micrographs of (e) Device #1 after fabrication and (f) Device #2 during and after fabrication. Bottom right insets of panels (e) and (f): biasing scheme used for the four-point measurements of (e) Device #1 and (f) Device #2. The fourpoint interlayer bias is ΔVIL = V1-V2. Figure S2 . Optical micrographs (a-f) and schematics (g-k) of the detailed fabrication process of a typical WSe2-hBN-WSe2 heterostructure sample (Device #1). Panels (a-f) are at the same magnification. Figure S2 describes the fabrication process flow of Device #1, a dual-gated WSe2-hBNWSe2 heterostructure comprising two rotationally aligned monolayer WSe2 electrodes separated by an interlayer hBN tunnel barrier. Figures S2(a-f) show the optical micrographs and Figures   S2(g-k) the corresponding schematics during the fabrication process. Using a layer transfer method, 1,2 we first transfer a bottom-gate hBN (B-hBN) flake, which serves as the bottom-gate dielectric, onto a pre-defined metal local back-gate patterned using electron-beam lithography (EBL), electron-beam metal evaporation (EBME) of Cr/Pt (2 nm/8 nm), and lift-off. After the BhBN is transferred, bottom electrodes of Cr/Pt (3 nm/12 nm) are patterned using EBL and EBME
[ Figures S2(a, g) 
area monolayer WSe2 flake is chosen to facilitate trimming in order to obtain both the bottom (BL) and top (TL) layer WSe2 layers from a single crystal grain.
The monolayer WSe2 flake is then sectioned into the individual TL and BL WSe2 electrodes using EBL followed by etching in a CHF3 plasma [ Figure S2 To remove polymer residues introduced during the transfer process, we perform an ultra-high vacuum (110 -9 Torr) anneal at 350°C for 2 hours after each transfer step. Figure S3 . dIIL/dΔVIL vs ΔVIL for Device #2 in the case of balanced (center panel) and imbalanced (left and right panels) TL and BL WSe2 densities. The right axis shows dIIL/dΔVIL normalized to the TL and BL WSe2 overlap area. Figure S3 shows dIIL/dΔVIL vs ΔVIL for Device #2 for three cases where the densities in the TL WSe2 (pTL) and BL WSe2 (pBL) layers are balanced at p = pTL = pBL = 5.6×10 12 cm -2 (center panel) and slightly imbalanced, with a density imbalance of Δp = ∓0.33×10 12 cm -2 (left and right panels). In the case when the two layers have equal densities of holes, the alignment of the bands occurs simultaneously with the alignment of the Fermi levels at ΔVIL = 0 V, leading to a differential conductance peak centered at ΔVIL = 0 V. In the presence of a density imbalance between the two layers, a finite ΔVIL is needed to align the bands, resulting in a differential conductance peak centered away from ΔVIL = 0 V, depending on the sign and magnitude of the density imbalance 4 .
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